In this work, the electrical characterization of graphene films grown by chemical vapor deposition (CVD) on a Ni thin film is carried out and a simple relation between the gate-dependent electrical transport and the thickness of the films is presented. Arrays of two-terminal devices with an average graphene film thickness of 6.9 nm were obtained using standard fabrication techniques. A simple two-band model is used to describe the graphene films, with a band overlap parameter E 0 = 17 meV determined by the dependence of conductivity on temperature. Statistical electrical measurement data are presented for 126 devices, with an extracted average background conductivity σ = 0.91 mS, average carrier mobility μ = 1300 cm 2 V −1 s −1 and residual resistivity ρ = 1.65 k . The ratio of mobility to conductivity is calculated to be inversely proportional to the graphene film thickness and this calculation is statistically verified for the ensemble of 126 devices. This result is a new method of graphene film thickness determination and is useful for films which cannot have their thickness measured by AFM or optical interference, but which are electrically contacted and gated. This general approach provides a framework for comparing graphene devices made using different fabrication methods and graphene growth techniques, even without prior knowledge of their uniformity or thickness.
Introduction
Graphene is of great interest to the electronics community because it demonstrates very high intrinsic field-effect mobility [1] [2] [3] , high thermal conductivity [4] , high current density [5, 6] and transparency [7] . Currently, the highest quality graphene devices are fabricated from graphene which is deposited on a substrate by mechanical exfoliation [5] . The typical dimensions of the graphene randomly deposited by this method are 10-100 μm [5, 8] . While these graphene sheets are sufficient for research studies, eventual application of graphene in large scale electronics will require graphene which can be deterministically placed on a substrate, which would ideally take the form of wafer-scale sheets of graphene. During the past few years, various methods have been developed to achieve large-area graphene films on insulating substrates, such as high temperature annealing of silicon carbide [9] [10] [11] , reduction of graphene oxide [12] [13] [14] and chemical vapor deposition (CVD) on top of a nickel [15] [16] [17] or copper [18] substrate.
Under certain growth conditions, the films that are produced are not single-layer graphene but multiple-layer graphene, and not of a single uniform thickness but composed of regions of different thicknesses. These thicker films may be more useful than single-layer graphene for applications such as electrical interconnects [19, 20] or transparent electrodes [16, 21] . In this paper, an electrical characterization of many-layer graphene films of graphene of inhomogeneous thickness grown on a nickel substrate by CVD is performed using two-terminal devices. It is found that graphene films with inhomogeneous thickness can be understood using a simple two-band transport model commonly used to describe graphite. Simple analysis of the conductivity versus gate voltage allows comparison of films on the basis of their calculated carrier mobility and thickness in a manner independent of device resistance. This general approach towards graphene film characterization, using the simplest gated measurements, can serve as a common framework within which to discuss graphene film quality.
Device fabrication
Arrays of two-terminal back-gated devices were fabricated using CVD graphene as the channel material by the following procedures. First, the CVD graphene was grown and transferred to a SiO 2 /Si substrate (300 nm SiO 2 ) following [17, 22] . Figure 1(a) shows the optical image of a transferred film on the SiO 2 /Si substrate. Due to the optical interference effect modulated by the graphene layers on the SiO 2 surface, one-to few-layer graphene flakes can be recognized under the optical microscope [23, 24] . Each color corresponds to a different thickness of the graphene film. The thinnest regions are single-or bi-layer graphene and appear light pink under the optical microscope, while the thickest regions appear light blue and consist of approximately 20 layers of graphene. The purple regions are of intermediate thickness. The average thickness of the graphene film is 6.9 ± 1.3 nm as determined by atomic force microscopy (AFM).
Device fabrication continues by creating an etch mask of lines designed to be 2, 4, 6 and 8 μm wide. These lines are produced by optical lithography using photoresist AZ5214E by either one of two methods: (1) an image reversal lithography process is used to leave lines of resist on the graphene as the etch mask or (2) a positive lithography process is used followed by metal evaporation (5 nm Cr/30 nm Au) and liftoff to leave lines of metal on the graphene as the etch mask. After the lithography step the unprotected graphene region is then etched by oxygen plasma (8 sccm O 2 with 16 sccm He under 10 mTorr pressure and 200 V bias, using 100 W power). In the following step, either the photoresist is removed by acetone rinse or the metal lines are removed by a chromium wet etch (Cyantek CR-7) to expose the stripes of graphene. It is worth noting that the wet etch for chromium removal is more effective because the presence of graphene enhances the etch rate by about 70 times in our experiments as determined by time-lapse optical inspection (see also [25, 26] ).
In the next step, a layer of AZ5214E photoresist is spun onto the graphene stripes and patterned with rectangular openings of 100 × 150 μm 2 which overlap the graphene lines and are designed with distances between openings of 3, 5, 10 and 20 μm. Metal is then thermally evaporated (5 nm Cr/30 nm Au) onto the chip, and liftoff of the resist leaves rectangular metal contact pads overlaid on top of the graphene lines. Pairs of pads connected by a graphene line form the source and drain of a two-terminal device, while the doped Si substrate underneath the oxide layer provides a back gate. An optical image of the channel region of such a field-effect transistorlike device is shown in figure 1(b) .
I -V measurement

Measurement procedure
Measurements were made of I ds -V ds (bias sweeps) and I ds -V gs (gate sweeps). The bias sweeps are generally linear up to at least 1 V V ds , showing simple ohmic behavior. The gate sweeps were made from −40 to +40 V gate-source bias V gs with 100 mV constant drain-source bias V ds and show a conductance minimum at gate voltage V 0 identified as the Dirac point of graphene, as well as a sublinear slope on either side identified as p-type (V gs < V 0 ) and n-type (V gs > V 0 ) conduction. The devices were annealed before carrying out electrical measurements.
Thermal annealing at 200
• C for 15 h under vacuum (<10 −1 Torr) was applied prior to measurement of all devices at room temperature. For low temperature measurements where thermal annealing could not be used due to equipment restrictions, electrical current annealing was applied using high drain-source bias (9-12V ds ) under vacuum (<10 −5 Torr) [6] . For both methods, the annealing step resulted in a similar shift of the Dirac point to near V gs = 0 ( figure 2(a) ). This shift is due to the removal of adsorbates, primarily water, which dope the graphene [27, 28] . After annealing, all measurements were made without breaking vacuum and were found to be stable with time and temperature cycling, indicating that adsorbates do not return to the devices during measurement. Any residual adsorbates are treated as inherent processing defects, and their effect on transport is incorporated into the effective device parameters discussed below.
Current has been converted to sheet conductivity by the relation σ ds = (I ds /V ds )(L/W ), where L and W are the length and width of the graphene channel, respectively, as determined from optical and AFM measurements. We note that, during Figure 2 . (a) Typical gate sweeps taken before annealing (top curve at y axis, black), between successive anneals when the device is partially cleaned (middle curve at y axis, medium gray or red online), and after complete cleaning (bottom curve at y axis, light gray or green online). Annealing shifts the Dirac point to near V gs = 0. (b) Another gate sweep which shows even more clearly the effect of the residual resistivity which makes the conductivity sublinear. Measured data is shown by the black line and the best fit using equation (4) is shown by the gray line (red online). Fitting parameters used are: the high drain-source bias annealing, current densities of up to 3.4 × 10 7 A cm −2 were sustained without damaging the film. This value, within an order of magnitude below the values obtained for exfoliated graphite, serves as the first indicator of the highly graphitic and stable quality of CVD graphene films [5, 6] .
Model
The total conductivity of the graphene channel in each transistor described above will be a combination of the conductivities for each thickness region of graphene, taking into account the geometry and conductivity of each region. Because the thickness regions are randomly arranged from device to device, it is useful to speak of the average conductivity of the graphene channel, and analyze it as if it had an average thickness. This allows a single transport model to be used to characterize the film and provides a simple measure of the graphene film quality.
In studies of thin exfoliated graphite samples with thicknesses down to 12 nm [29, 30] , transport was found to be well described by a simple two-band (STB) model which is often adopted for graphite [31] . It is expected that the CVD graphene considered here, with an average thickness only a factor of two less than the thinnest samples in [29, 30] , can also be analyzed using the STB model. The premise of this model is that the interaction between the graphite layers causes the dispersion relation to become parabolic (as compared to the linear dispersion in single-layer graphene, depicted by the dashed line in figure 3(a) ), and causes the valence and conduction bands to overlap by an energy = 2E 0 ( figure 3(b) ). The STB model is an approximation to the Slonczewski-Weiss-McClure (SWM) model for graphite [32] and is valid within the range of gate-induced Fermi levels considered here (|E F | < 200 meV).
In the limit of complete screening of the gate voltage within a graphite film (screening length λ s d, the graphite thickness) and thick gate oxide (oxide thickness t κλ s the product of the gate oxide dielectric constant and the graphene screening length), equation (1) of [29] can be integrated to obtain a functional form for the normalized conductivity (to first order in |V gs − V 0 |):
where V gs is the applied gate voltage, V 0 is the voltage at which the conductivity is a minimum (Dirac point voltage), β = 4.8 eV −1 gives the energy dependence of the density of states (normalized to the minimum density of states), E 0 = /2 = 0.017 eV is half the band overlap (determined from our temperature dependence discussed later), κ = 3.9 is the relative dielectric constant of the oxide and t = 300 nm is the thickness of the oxide. The value of λ s = 0.4 nm is used for consistency with [29] , though values from 0.2 to 1.2 nm have been reported [33] [34] [35] [36] . Using these values, the constant M 0 = 0.132 nm V −1 . Equation (1) is very similar to the conduction of singlelayer graphene which has been reported by experimental [1-3, 5, 10, 37-40] and theoretical [41] [42] [43] [44] [45] [46] [47] [48] studies. For single-layer graphene, the functional form of the conductivity is primarily due to charged impurity scattering and is given by
where V 0 is again the Dirac point voltage, μ k is the fieldeffect mobility for electrons (k = n, V gs > V 0 ) or holes (k = p, V gs < V 0 ), C g is the gate capacitance of the device (C g = 1.15×10 −8 F cm −2 for our 300 nm SiO 2 dielectric) and σ bg = σ ds (V 0 ) is the background conductivity when V gs = V 0 . This equation gives a linear conductivity around the Dirac point. Though ideal graphene exhibits electron-hole symmetry and a single value for mobility is expected, a separate mobility for each carrier type is introduced to account for the asymmetry in the measured gate sweeps. Possible origins of this asymmetry include scattering from grain boundaries and defects [49, 50] , charge impurity scattering [51] and Fermi level misalignment between the graphene channel and contactdoped regions [52, 53] .
Equations (1) and (2) are equivalent provided that we make the identification
The result is that conduction of a graphene channel obeys the same functional form whether composed of a single layer or of many layers, though the interpretation of the fitting parameter σ bg differs. Namely, in many-layer graphene the background conductivity may be thought of as primarily due to metalliclike conduction in the upper layers, which are screened from the gate by the lower layers [54] , while for single-layer graphene the background conductivity should be ideally zero or small due to extrinsic contact-induced states [55] .
The behavior of bi-layer and few-layer graphene will fall somewhere between the range of that of single-layer graphene and many-layer graphene. In figure 3(a) , the band structure of bi-layer graphene shows a zero gap , which at modest energies |E| k B T will behave very similar to the STB model because the dispersion relation can be approximated by a parabola in this range. For energies beyond this range, the bands are best approximated by a Dirac cone and the behavior of single-layer graphene is qualitatively recovered. Thus we expect that the functional form of equations (1) and (2) are applicable to bi-layer and few-layer graphene also, though interpretation of the fitting parameters is meaningful primarily in the sense of equivalent device behavior.
There are two practical additions to the above ideal descriptions of graphene conduction. First, there are gatevoltage-independent scattering mechanisms such as shortrange (defect) scattering and phonon scattering. These are included as a resistivity in series with the channel. Second, a contact resistance is also expected to be in series with the channel. Because two-terminal measurements cannot distinguish between these two contributions, they are combined into residual resistivity term ρ r so that the full conductivity model for many-and single-layer graphene is given by
The residual resistivity term causes the linear conductivity of (1) and (2) to become sublinear, a behavior which is often significant in our devices ( figure 2(b) ). We note that for single-layer graphene it has been shown that at low charge densities the contact resistance may vary with gate voltage due to modification of the widths of regions of charge induced by the contacts [53] . By restricting analysis to voltages away from the Dirac point, we minimize the effect of a changing contact resistance and therefore treat ρ r as independent of V gs . For many-layer graphene, there is no charge depletion near the Dirac point and therefore significantly less change in contact resistance. The numerical fitting is more easily convergent and accurate, as well as easier to parameterize, by considering the mobility as asymmetric as opposed to the residual resistivity, to characterize the observed asymmetry in our graphene films. Because the actual device channels are composed of multiple regions of different thickness, the fitting parameters obtained by application of (4) to measurements are understood as average (or equivalent) values for the channel. The singlelayer model parameter names are used in this paper because of their familiarity in most discussions of graphene. Gate sweeps from a total of 126 devices were fitted to this model and a typical result is shown in figure 2(b) (thick black and thin gray (red) curve for data and fit, respectively). The fitting parameters for these devices are shown in figures 4(a)-(d) as statistical distributions. The region near the Dirac point is excluded from the fit because the model in (4) does not account for the increased scattering due to decreased screening or the effects of charge puddle percolation [38, 56] . 
Fitting results
The average p-type and n-type field-effect mobilities obtained by fitting are 1440 and 1160 cm 2 V −1 s −1 , respectively (figures 4(a) and (b)). These average mobilities are slightly lower than the mobilities of top-gated devices fabricated using nickel-grown CVD graphene (∼2000 cm 2 V −1 s −1 ) [57] , though this difference may be due to the larger average thickness of the films discussed in this paper. These fitted mobility values can be compared with the mobility obtained directly from the transconductance of the gate sweeps: 233 and 198 cm 2 V −1 s −1 for p-type and n-type conduction, respectively. The fitted mobilities are an estimate of the mobility of the pristine CVD graphene film, while the lower transconductance mobility shows the degradation inherent in producing an actual device with contact resistance and other sources of additional scattering.
The residual resistivity ρ r is distributed with a mean value of 1.65 k and a standard deviation of 1.59 k ( figure 4(c) ). A question of interest is how much of this value is due to the contact resistance and how much is due to scattering within the channel. The observed ρ r is much greater than the expected acoustic phonon scattering resistivity (∼30 at T = 300 K), and at high gate voltages long-range charge scatterers are screened, so it is expected that the additional resistivity in our data is due primarily to contact resistance [53, 58] , SiO 2 phonon scattering [2, 59] and short-range scattering by defects in the graphene [60] .
Typical values for SiO 2 scattering resistivity are relatively low at T = 300 K). Typical contact resistances in the literature are 0.5-1 k μm and will be processdependent. The magnitude of short-range scattering may vary widely between graphene samples from various sources, and different fabrication techniques may preferentially produce specific lattice defects at specific densities. For CVD graphene, if the single-crystalline graphene domain size is smaller than the device dimension (as is the case for these devices), it is possible that defects at the domain boundary interfaces will contribute to increased short-range scattering over that found in exfoliated graphene devices (200-400 at T = 300 K) [60] . The nonzero D-band in Raman spectra of CVD graphene (see figure 3 in [17] ) suggests that short-range scattering may be even more important in this material. Therefore we conclude the majority of the scattering is probably due to short-range defect scattering and contact resistance.
The background conductivity σ bg is distributed with a mean value of 0.91 mS and a standard deviation of 0.71 mS ( figure 4(d) ). This can be compared with the minimum conductivity of the original data σ min = 0.44 ± 0.29 mS, which indicates that the residual resistivity decreases conductivity by at least a factor of two and illustrates the importance of engineering good contact to devices. We consider two contributions to the background conductivity value.
First, contact-induced states are expected to be relevant in devices with low aspect ratios (L/W 1) [53, 55, 61] . For many of our devices (aspect ratios range from 0.42 to 6.9 with an average of 1.7, and 41% of devices have an aspect ratio below 1.0), the contact-induced states set a lower bound for σ bg of 4e 2 /πh = 0.0493 mS [55] . This is insufficient to account for the observed σ bg , which is, on average, over an order of magnitude larger.
Second, multilayer regions of the graphene film will contribute a metallic-like background conductivity originating from the band overlap in the STB model. If the background conductivity arises primarily from this effect, then equation (3) describes the relation between the background conductivity σ bg , mobility μ k and film thickness d. This relation can be used to calculate the expected thickness for each device from a single gate sweep, namely
This calculated thickness should match the thickness measured by AFM if the background conductivity is explained by the STB model. The distribution of thicknesses d calculated from (5) is shown in figure 5 . We observe a log-normal distribution of thicknesses d centered at d = 6.2 ± 0.3 nm. This is very close to the average film thickness measured by AFM of d = 6.9 ± 1.3 nm, and is a strong indication that the STB model is applicable even for our thin and inhomogeneous CVD graphene films. The wide variation observed in calculated thickness d is explained by the random variations in average thickness and in the random arrangement of thickness regions in each device, as well as the expectation that the doping level and mobility will vary under the influence of a random distribution of charged impurities trapped in the substrate and on the film. We emphasize, however, that the ensemble behavior, which averages away the random variations between devices, clearly suggests that our CVD graphene behaves like a thin graphite film in the simple two-band approximation.
Temperature dependence
Gate sweeps in single-layer graphene, bi-layer graphene and bulk graphite have characteristic temperature dependences [1, 60, [62] [63] [64] . We carried out temperature-dependent electrical characterization of seven CVD graphene devices for comparison. For each device we acquired gate sweeps at temperatures from T = 80 to 320 K in steps of 20 K.
All seven devices showed very similar behavior, and the measurements for one of these devices are shown in figure 6(a) . The conductivity at all gate voltages increases with temperature at a nearly constant rate, so this effect cannot arise from an activation energy or energy gap. Additionally, the magnitude of the change for a single device is essentially the same for all gate voltages. This is markedly different from the behavior of exfoliated single-layer graphene or bi-layer Figure 5 . Histogram of the graphene film thickness d calculated using (5) . Four devices are in the extended range of 50-80 nm. The black line shows the best-fit log-normal distribution with mean log 10 (6.2 ± 0.3 nm) and standard deviation log 10 (4.4 ± 1.1 nm). The average thickness corresponds well to the average thickness of 6.9 ± 1.3 nm as measured by AFM and supports the analysis of these CVD graphene ribbons as thin graphite films according to a simple two-band model. graphene devices [1, 39, 64] , which have a linear conductivity far from the Dirac point which changes negligibly with temperature (after removal of a constant additional resistivity term). The only similarity is with bi-layer graphene near the Dirac point, where the conductivity shifts upward with temperature for |E| k B T (see figures 3 and 4 of [1] ). This region near the Dirac point is precisely the region where the STB model is valid for bi-layer graphene ( figure 3(a) ), which is an expected behavior in light of the applicability of the STB model for our CVD graphene devices discussed previously.
The expected temperature behavior of CVD graphene, then, is the behavior of the STB model. This has been evaluated for the resistivity at the Dirac point [29, 65] as
where e is the electron charge, μ is the mobility, n is the charge carrier density, μ i is the mobility limited by static scatterers, A 0 is a constant proportional to the strength of acoustic phonon scattering, C 0 is a constant proportional to the effective mass of the charge carriers, E 0 is half the band overlap (i.e. E 0 = /2), k B is the Boltzmann constant and T is the temperature. In order to compare the behavior of CVD graphene to equation (6) , the background conductivities of each device are inverted and plotted as resistivities in figure 6(b) , normalized to the resistivity at 270 K. For comparison, we also plot the maximum resistivity of bi-layer graphene from [1] , the maximum resistivity of a 12 nm thick HOPG graphite film from [29] and the maximum resistivities of 12 nm thick and 17 μm thick HOPG graphite films from [30] . In general, a thinner graphite film will show a larger semiconductor-like increase of maximum resistivity with decreasing temperature. All seven CVD graphene devices [29] and Barzola-Quiquia [30] . Our devices, with a mean thickness of 6.9 nm, show a semiconductor-like behavior similar to that seen in bi-layer graphene and thin ( 12 nm) HOPG graphite.
show variations similar to graphite films with thickness at or below 12 nm, which is consistent with the AFM thickness measurements and calculated thickness distributions discussed above. This behavior cannot be fitted by an activation energy/bandgap model, indicating that the simple two-band model is appropriate.
The resistivities of each device in figure 6 (b) are fitted to equation (6) using free parameters μ i A 0 , μ i C 0 and E 0 . The curvature of ρ(T ) is determined primarily by E 0 , which for our devices ranges from 13 to 22 meV with an average value of 17 meV. This is within the range expected for thin graphite films (∼10-20 meV for <95 nm thickness [29] ), but much larger than the values calculated for bi-layer graphene (zero from the band diagram) and reported for 12 nm graphite films (∼6-7 meV [29, 30] ).
This larger-than-expected band overlap may be due to the presence of regions of different thickness in each CVD graphene device, which may require a more sophisticated analysis than equation (6) . Alternatively, the band overlap may actually be as large as described, due to a higher density of defects in CVD graphene compared to HOPG graphene, which will increase coupling between layers, thereby increasing band overlap. This uncertainty should be resolved when measurements are made on regions of uniform thickness, which will also remove any variation caused by the junctions between thickness regions. The use of four-probe techniques in future work is also highly desirable and will aid comparison of results to the extant literature.
Conclusion
The conductivity as a function of gate voltage for singlelayer graphene follows the same functional form as that of many-layer graphene calculated using the simple twoband model. Because of this, it is possible to describe the conductivity of both homogeneous thickness graphene films and inhomogeneous graphene films composed of regions of different thickness, using the common model parameters of background conductivity, carrier field-effect mobility and residual resistivity. For inhomogeneous graphene films such as those grown by CVD on nickel thin films, the model parameters are understood as average or effective values; the inhomogeneous film will conduct as if it were a homogeneous film of an effective thickness. This effective thickness is proportional to the background conductivity divided by the mobility. When such an analysis is applied to 126 micronscale two-terminal field-effect transistors made from graphene grown by CVD on nickel thin films, the calculated average effective thickness of 6.2 ± 0.3 nm matches the average thickness determined by AFM of 6.9 ± 1.3 nm, as expected. The average graphene film mobility derived from our model is 1300 cm 2 V −1 s −1 , but the average mobility value derived from transconductance is 215 cm 2 V −1 s −1 , possibly limited by contact resistance and short-range scattering. The temperature dependence of these devices is similar to that of thin graphite films and was used to determine the STB band overlap parameter E 0 = 17 ± 5 meV. This paper establishes a framework for comparison of the electrical transport of films of varying thickness and homogeneity. It is expected that this approach will be especially useful for evaluating graphene films growth methods for multiple-layer applications such as electrical interconnects or transparent electrodes.
